I . Introduction
Electrons play an important role in a plasma. Usually they are responsible for the excitation, ionization and dissociation of the different species. Because they have a small mass they play a dominant role in maintaining the electrical field within a plasma. In this paper we will discuss the heating mechanism of the electron gas in the stationary shock front of the plasma expanding from a cascaded arc. These types of plasma are used in the recently developed fast deposition method (up to a factor of hundred higher rates than with the conventional deposition methods) for several types of carbon coatings (ranging from crystalline graphite and diamond to amorphous hydrogenated carbon, the so called 'diamond like coatings') and amorphous hydrogenated silicon layers [l- 31. Also the use of these type of plasmas for bright atomic and ionic hydrogen sources is presently under investigation [4] . Furthermore, these types of plasmas are used in thrusters for space applications [SI.
A preceding paper was devoted to the behaviour of heavy particles both in the supersonic expansion and in the shock front occurring in these types of plasmas [6] . It was found that the heavy particles, both ions and neutral particles, expand adiabatically-similar to the process in an ideal gas. The motion of the ions is decoupled from the neutral particles in the stationary shock, where the neutral particles still behave adiabatically. Instead, the motion of the ions is influenced by the electrons due to the electrical field.
The heating mechanism of the electron gas in a supersonic expansion was treated in a separate paper C71 where it was shown that the main heat source of the 0963-0252/94/040511 + 10W9.50 0 1994 IOP Publishing Ltd electrons occurs by means of three-particle recombination. This paper aims to conclude the picture of the expanding p!asma Jet in argon as it dea!s with the motion of the electron gas in the stationary shock front.
The main subject is to explain the preheating of the electron gas, as was established experimentally in [6] . A model of the expanding plasma jet will be developed and compared with experimental results.
Experiment
As discussed in a previous paper, the measurements of electron density and temperature and the neutral particle density are performed on an argon plasma expanding from a cascaded arc [6] . Here we will focus mainly on the measurement with the settings as given in table 1. For more details the reader is referred to the original paper [6] . The main issue we want to address in this paper is shown in figure 1 , where n, and T, on the axis of the plasma Jet are shown as a function of the distance from the exit of the cascaded arc. As can be seen, the electron temperature jumps ahead of the increase in the electron density. The increase in electron density is z ( " 1 Figure 1 . The difference between the electron density and electron temperature jump for setting 1 of table 1. caused by the gas-dynamic shock transition of the ions which forces the electrons to compress due to the strong electric field generated [a. All these measurements were performed on a similar expanding plasma in argon (e.g. background pressures, flow, etc), as is considered in this work. The result obtained by Christiansen [12] , using a Langmuir probe diagnostic in a caesium seeded argon plasma, shows also preheating of the electron gas in front of the electron density jump. Bogen er al [13] and McNeill [14] used Thomson scattering to determine the electron density and temperature in a deuterium shock tube experiment.
In both cases the electrons are preheated upstream of the ion density shock. We therefore assume that preheating of the electron gas in front of the shock in these types of plasma is of a more general nature.
Model
In this section the observed preheating of the electron gas (see figure 1) will be analysed in more detail using a quasi one-dimensional model. The model presented will include the temperature non-equilibrium between the heavy particles (neutral particles and ions) and the electrons. Furthermore, the current density generated in the expansion by the strong pressure force is included. As discussed, an important feature is the fact that the electrons, due to their small mass, do not undergo a gas-dynamical shock transition. That is, the energy required to compress the electrons in the ion shock front does not originate from the directed kinetic energy of the electrons in the expansion, since this kinetic energy is negligible compared with the thermal energy of the 512 electrons. Instead, this energy is delivered by the generated electric field of the electron-ion fluid and partially by the temperature non-equilibrium [6, IS] . In a n adiabatic shock transition of the electrons, would increase as n:'3. However, in the region of the ion shock front the heat sources in the electron energy balance, e.g. Ohmic dissipation and electron heat conduction, are important and lead to a more complicated situation.
The usual explanation for preheating of the electron gas given in the literature is that, because the electron heat conduction, is large, electron thermal energy leaks back to positions ahead of the shock front, leading to local heating of the electron gas [15-171. However, in this explanation the influence of the presence of a current density, which is generated in the expansion due to the strong electronic pressure force, is neglected.
Heating due to this current density by Ohmic dissipation ahead of the density shock front is therefore possible. Later in this section, it will be shown that Ohmic dissipation, together with electron heat conduction, are the main causes for the preheating of the electron gas. The presence of a current density and the electron heat conduction results in a broad region of a monotonic increase of the electron temperature through the shock front.
Another possible mechanism for preheating of the electron gas is the mechanism of radiation absorption [lS, 191. In the present analysis this mechanism can be neglected since the shock strengths in this type of plasma are usually small and the observed temperatures and densities are lower [6] .
To derive the equations for the quasi one-dimensional model, we start with the conservation equation for a current carrying two-temperature plasma [ZO, 213. The electron mass balance is equal to V-(n,wJ = -K , . , d
(1) where we have neglected two-particle recombination, which is much smaller than three-particle recombination [ 2 2 ! : Furthermore; the ionization is not taken into account because of the low electron temperature [6, 7] . Kcec.3 is the three-particle recombination coefficient and follows from the analysis of the electron gas in the expansion [6, 7] . For the heavy particles the mass balance is defined through
where nh and w,, are the heavy particle density and velocity respectively given by (6) where E is the e!ectrira! fie!d. The nxmentcm exchange from the electrons to the ions is reflected in Re', which is given by
where q is given by and the current density by j = en,(wj -we).
(9)
In equation (8) a,, equal to 0.51, is a coefficient calculated by Braginskii [23] . The first term on the righthand side of equation (7) is due to the difference in drift velocity between electrons and ions. The second term is the momentum exchange with the ions, because the collision rate is temperature dependent. The coefficient yo, equal to 0.71, is also calculated by Braginskii [23] .
The heavy particle momentum balance, in the same approximation as equation (6) , is given by
where p,, the heavy particle pressure is given by ph = n,k,T, and is equal to
In equation (IO) we have neglected the viscosity term.
Adding equations (6) and (lo), the plasma momentum balance results (12) nhmh(wh. V ) w , + V p = 0 with p = p. + ph the total pressure. The equation is the equivalent of the Navier-Stokes equation in fluid mechanics [24] . If the magnetic field is included, a j x B term appears on the right-hand side [25] of the equation. This force is related to the rotation of the plasma 1251 in the presence of a magnetic field.
The electron energy equation is given by
The heat source Q. for the electron gas consists of Ohmic heating, heating by three-particle recombination. cooling by elastic collisions with the heavy particles and cooling by radiation processes such as two-particle recombination, the escape of line radiation and Brehmsstrahlung emission [26] . For the heat flux q. the following form is assumed q e = -Kev(khT) (14) where K, is the electron heat conductivity. The energy equation of the heavy particles is equal to
where Qh is the heat exchange between the electrons and heavy particles. A similar shape for heavy particle flux qh is assumed as in equation (14) [27].
The effect of temperature non-equilibrium and current generation on the flow properties is best demonstrated by rewriting the balance equations ( l ) , (2) , (6), (12) , (13) and (15) for a quasi one-dimensional situation [22] . This is done by expressing the electron drift velocity in the heavy particle velocity and the current density (equation (9)) neglecting the small difference between wi and wh (usually a is small), and using the fact that
(16) The electron momentum balance, equation (6) , is used to express the gradient of the electron temperature in the electric field, in the current density and in the gradient of the electron density. Furthermore, if all viscosity effects are neglected the final equations read
In equations (17)- (21), p, T, and M , respectively refer to the mass density p = mhnh = mh(nO + nj) (22) the plasma temperature
and the plasma Mach number
The asterisk refers to the energy source term including the heat conduction term. Q : = Q : + Qf is the total heat source. The loss of energy due to line and free-free emission are neglected in Qr, since these losses are much smaller than the other heat losses in the electron energy balance [22] . Q, Q,, and 5 are given by kbTj, acc eu at
In equations (25)- (27), j , and E, are the current density and the electrical field in the quasi one-dimensional approach respectively. The coordinate 5 in equations (17)- (21) [21,22:31] . In the source expansion case the parameters refer to the radial values of these para-e!ers. Equations (17)<27) contain seven unknown parameters. Therefore, two additional equations are needed. These equations are the electron momentum balance (equation (6)) and the Maxwell equations V.B = 0 (30) as v x E = ar (32) (33) In equation (32) p., is given by pel = -n3.
(34)
Note that (compare with equations (17)-(27)) in contrast to ordinary gas-dynamics C321; the sonic condition (M, = 1) is not necessarily at the position where a2AJat2 = 0. Note furthermore that, since [ z 0, if a current density is present, the Mach number can be smaller than unity to get an expansion behaviour, i.e. densities and temperatures decrease during the expansion. The adiabatic situation is reconstructed from equations (17)- (27), by putting all the source terms and the current density to zero. Note that, since the second term on the right-hand side of equations (18) and (19) is of the order Mp2, the expansion of the heavy particles is not too diNerent from the adiabatic expansion as discussed previously [6, 7] .
The calculation of the electron temperature by equation (20) depends, in contrast to the heavy particle properties, very much on the source terms Q : , Q, and Q,. The reason for this is that the expansion terms in the electron energy balance are less important than in the other equations. In this respect, it is important to mention the electron heat conduction which is included in Q :
. Because 
the thermal velocity of the electrons is (m,T,/m,T,)"'
larger than that of the heavy particles, the transport of electron thermal energy by heat conductivity is very important and should be included. In the quasi one-dimensional model, an averaged value of the electron heat conductivity is taken by assuming a certain radial profile. The electron heat conductivity in the axial direction is fully included. In the discussion of the shock front in the next section, the electron heat conduction plays, beside the current density and the electric field, an important role. The current and electric field generation are the last non-equilibrium features discussed in this section.
As can be seen from equations (17) (25) and (26) reflects the effect of cooling due to the expansion of the electron gas. More indirectly, the heavy particle motion and temperature are influenced through the terms in equations (17)-(27) containing j , and E,.
To solve equations (17)-(27), the current density and the electric field have to be known. If the electron density and temperature are known (for instance from measurements or from an iterative scheme using equations (17)-(27) starting with j , and E , equal to zero), the current density and electric field are calculated by solving the electron momentum balance in combination with Poisson's equation (equation (32)) and appropriate boundary conditions. Here the model developed by Gielen and co-workers [25, 33] is adopted. This scheme determines the electric field self-consistently by calculating the charge separation from the electron momentum balance and using the condition equation (16). Since the current generation in case of a free expanding plasma is partly of a convective nature, two-dimensional effects in the determination of the current density and the electric field are very important. Therefore equations (6) and (32) (35) is solved with given boundary conditions. From the determined electric potential the current density is determined from [33] Thus, if the electron density and temperature are known. the current density and the electric field can be determined self-consistently.
The numerical procedure is as follows. First of all, the current density and electric field are determined from the local measurement of the electron density and temperature in the supersonic expanding plasma jet (see [6] ), using the numerical procedure as described previously [25, 33] . A two-dimensional computer code with grid generation is developed [22] , which runs on an IBM RS workstation. The computer code determines the generated electric field E and the generated current density j self-consistently in a cylindrically symmetric situation, by solving the momentum equation (equation (6)) together with Poisson's law (equation (32) ) and the condition equation (16). The determined axial components of j and E are included in solving equations (17)-(27). These equations are solved for given initial conditions for the source model (equation (28)) using a fifth-order Runge-Kutta integration procedure on an IBM RS workstation. The calculation in the expansion region is completed at the position of the shock front, determined either with help of a given position or calculated from a condition as in Young's work [34] . At this position, a Mott-Smith [35] shape of the shock front for both the ions and the neutral particles is assumed wih different shock thicknesses Lo and Li [36, 37] and different Mach numbers MO+, and A, for both neutral and electron-ion gas [6] . In the shock front the electron energy equation is solved, using the electron densities and gradients following the MottSmith ion shock front shape [6] . The described procedure in the shock front is identical to the work of Grewal and Talbot [15] . After the shock front the calculation is stopped.
Results
The results from the computer code, which calculates the current density j and the electric field E in the expanding plasma on the basis oi the measured profiles, are discussed first. The other computer code uses the calculated axial components of j and E to determine their influence on the plasma parameters in the expansion region. This is discussed later in this section. The basic features of the calculations of the electric properties and the plasma parameters are demonstrated on the basis of calculations for the settings given in table 1.
Gielen and co-workers [25, 33] determined the generated current density, electric and magnetic field from an assumed electron density and temperature profile ior three types of expanding plasma: the unipolar arc, the cathode spot and a laser produced plasma. The unipolar arc is comparable to the present situation of a plasma expanding from a cascaded arc, since the generated density is pressure induced and the self-generated magnetic field is small. In the present analysis the selfgenerated magnetic field is therefore neglected.
In this paper the electron density and temperature fields are not assumed but taken from a fit of the axial profiles of the electron density and temperature.
However. the radial profiles for n, and T, were not measured at all axial positions. Therefore it is assumed that the radial dependence can be approximated by Gaussian profiles. For the settings of table 1, the width of these profiles is estimated from the measurements of the radial profiles of ne and [6] . The assumption that the radial profiles can be represented by Gaussians is not totally justified, especially in the supersonic expansion region. However, since the current density is pressure induced and since the axial component of the gradients is larger than the radial component, it is assumed that the influence of the shape of the radial profiles on the final magnitude of the current density on the axis is small.
A complication compared to previous work [25, 33] is the fact that the electron temperature is not constant in the expansion so that an extra contribution to the charge separation due to the dependency of the resistivity on the electron temperature should be taken into account. This extra charge separation p:, is given by p:, = j -Vq. ( 
38)
It can be shown [22] where p,, is the charge separation given by equation (36) with 7 constant, the previous algorithm [25, 33] will still lead to a solution of the problem. In the numerical calculations the charge separation pel was determined by assuming that 7 is constant. After the calculation of the electric properties, the condition equation (39) was checked and was always found to be satisfied.
The r d t s for the paraEeters 00 the axis are shown in figure 2 for the first 100mm. In figure 2 (a) the current density j , is given as a function of z. The current density close to the exit of the cascaded arc is large ( -5 x lo6 Am-'). As a function of z, the current density decreases rapidly to values of the order of -2 x lo3 Am-' at z % 20 mm. Between the electron temperature jump ( z % 25 mm) and the density shock front (z = 40") (see figure 1 ) the current density increases slowly to -3 x lo3 Am-'. The current density changes sign in the neighborhood of the shock front. Behind the shock front the current density becomes small for large z. The total current leaving the cascaded arc at the exit is approximately equal to 20A. This current, of course, has to end up somewhere. As in the situation of the unipolar arc, most of the current going into the vessel returns within 40" back to the anode plate of the cascaded arc. The return of the current is due to the negative charge density ahead of the shock front. Likewise, the current density downstream of the j z = 0 point is assumed io be balanced by a current density vortex which is toroidal shaped, leading to the fact that the current density integrated over the plasma beam area equals zero. In figure 2(b) the velocity difference wez -wiz between the electrons and ions is shown as a function of z. As can be concluded, the velocity difference is always positive ahead of the shock front, which means that the electrons move faster than the ions, as expected. The velocity difference between the electrons and ions is maximum at the exit of the cascaded arc. A second maximum is found between the electron temperature jump and the density shock fronts. Behind the shock front the electrons move slower than the ions. This'is explained by the shape of the potential @a,,i, in the expanding plasma which is shown in figure   2(c) . The typical double-layer structure in the neighborhood of the shock front is clearly seen. The first increase of the potential is a consequence of the acceleration of the electrons due to the pressure force and the second increase is a consequence of the shock front. The presence of the electrons results in a more positive potential behind the shock front, leading to the smaller compression of the ions in the shock front. After the shock front the potential becomes constant, i.e. the electric field vanishes. In figure 2 (4 the different terms in the electron momentum balance, expressed as an equivalent electric field, are compared with each other. As can be seen the pressure term -Vp./en. is the current driving force, i.e. the pressure term is always larger than the electric field and larger than the temperature term in the electron momentum balance. In the neighbourhood of the shock, the electric field is of the order of the pressure force and approximately equal to 25 V m -I . This is a much smaller electric field than that calculated by Greenberg er al [38] who calculated an electric field of lo6 V m-I in the shock front. The reason for this discrepancy is the fact that Greenberg et al [38] did not consider a shock front broadened by viscosity. This leads to a much smaller shock front thickness than in reality and related to this a much lareer electric fie!d:
To conclude, a significant velocity difference is found between the electron and the ions-it changes.sign in the neighbourhood of the ion shock front. Furthermore, the double-layer shape of the electric potential was found, in agreement with the results for the shock front of the ions, where it was stated that the presence of electrons leads to a smaller compression of ions [SI.
Now we will discuss the results of the model calculations using equations (17) As discussed, the expansion of the heavy particles is almost identical to the adiabatic expansion of a gas [6, 71. Therefore the initial values of the neutral particle and electron density, the heavy particle temperature and velocity at z = 2mm are determined from the adiabatic calculation. Tine vaiues for the densities are checked by comparing them to an extrapolation of the measured densities by the Thomson-Rayleigh measurements. For the electron temperature, the value obtained from an extrapolation of the measurement of T, to z = 2 mm is used. Then the plasma parameters are calculated starting from z = 2 mm. The start of the shock transition for the neutral particles and ions for the standard condition is at approximately L = 40mm. As discussed, a MottSmith salution was assumed after this position by which (a) the current density j,, (6) the ion and neutral particle shock is determined from these Mach numbers [36, 37] . Furthermore, the Mach numbers are used to determine the ion and neutral particle density and the heavy particle temperature in the shock fronts. the stability of the Runga-Kutta integration was checked by step dividing.
In figure 3 the results of the calculations for the electron and heavy particle temperature, the electron and neutral particle density and the heavy particle expansion and compared with the measurements taken with the setting of table 1. To illustrate the influence of current generation, the three-particle recombination and electron heat conduction, three different situations are considered. The first calculation in figure 3 corresponds to an estimated value of the recombination energy E,.,,3 = 0.15 x Ijon [ 7; , :he expe:imnta!!y dete:n$ned Vrec,s [?I, and the calculated current density and electric field from the two-dimensional model (see figure 2) . The second calculation is identical to the first calculation except that no current density or electric field is included. Compared with the first calculation the electron heat conduction is included in calculation three.
As can be seen from figures 3(a)-(c), the influence of the different conditions on the neutral particle properties, i.e. the heavy particle temperature and velocity and that the neutral particles expand adiabatically to a good approximation [6, 7] . The agreement with the measurement of the neutral density is good even in the shock region. However, the Mach number as determined from the calculation was about a factor of two larger than the the Fabry-Pkot interferometer in the expanding peratures of the heavy particles are too low. This is plasma jet originates from recombination, either twoprobably related to the fact that the temperatures meaparticle or three-particle recombination. For instance, if the ions gain energy in the electric field of the electrons, it is possible that this energy is dissipated by the ions which in turn heat the neutral particles. Note that a smaller Mach number does not influence the behaviour of the densities if the condition M, >> 1 remains fulfilled (see equations (17)-(27)). The small discontinuity in both the heavy particle temperature and velocity is due to the implementation of the Mott-Smith solution for the shock front at z = 40 mm.
, ,,r lull UC1LJLLJ ,I1 LllC G*pa,,",uLL rr;E.,u,, , > II'LIUCIIbCU in an indirect way. If the current density and recombination are absent the electron temperature decreases to a low value < 900 K, which leads to a significant recombination because of the strong T, dependence of Krec,3 [7] . As can be seen from figure 3(d) the agreement with the measured electron density is good if the current density is included.
As can be seen in figure 3 (e) the electron temperature depends strongly on the different conditions considered.
From a comparison of the caicuiations it can be concluded that no electron temperature jump appears ahead of the density shock fronts if no current is present in the jet section. If the current density is included the electron temperature jump occurs at approximately the correct position. Furthermore, the presence of a current density and three-particle recombination heats the electron gas in the supersonic expansion region although the influence of the current density up to z = 25 mm is small. If heat conduction is included the structure in the eiectron temperature is smoothed out. T'he position of the electron temperature jump, however. is ruled by the current density. The influence of the electron heal conduction in the expansion is small. The agreement with the measurements of is good. So to conclude this section, in contrast with the literature [15, 16, 40] , in the present situation an explanation for the preheating of the electron gas is based on the effect of the presence of a current density and an electric field in combination with electron heat conduction. 
Conclusions
An interesting observation is the fact that the electron temperature increases ahead of the density shock fronts of these calculations shows good agreement with the measured values of the electron and neutral particle density and the electron temperature.
